Influence of a neighbour fibre on the onset and growth of a fibre-matrix debond under biaxial loading. A study by Finite Fracture Mechanics at linear elastic interfaces  by Muñoz-Reja, Mar et al.
ScienceDirect
Available online at www.sciencedirect.com
 
Av ilable o line at www.sciencedire t.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 
P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal  
Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The aim of the present paper is to study the interaction between two aligned ﬁbres embedded in a large matrix. Special attention
is taken to the inﬂuence of the presence of a second ﬁbre on the ﬁbre-matrix interface failure. The Linear Elastic Brittle Interface
Model (LEBIM) is used to model the ﬁbre-matrix interface behaviour. In LEBIM, an undamaged point of the interface behaves
as a linear-elastic spring with a linear relation between tractions and relative displacements. In order to model an interface point
failure, the LEBIM follows a law which takes into account the variation of the fracture toughness with the fracture mode mixity.
The failure criterion used in this study is based on a Finite Fracture Mechanics (FFM) approach, where the stress and energy
criteria are appropriately coupled. The FFM approach applied to the LEBIM is able to make the values of interface strength and
fracture toughness to be independent. In the original LEBIM these values are restrictively tied. The present methodology uses a 2D
Boundary Element Method (BEM) code to carry out the analysis of interfaces failure. The numerical results show that the distance
between the ﬁbres affects the position where the debond (interface crack) onset occurs. It also inﬂuences the subsequent debond
growth along the interfaces. As could be expected, for increasing distances the results tend to the single-ﬁbre problem solution.
c� 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
The integrity of composite structures is determined by the strength and durability of their interfaces and adhesive
joints, among other conditions. The adhesion (or cohesion) must be guaranteed at several levels of such structures,
namely at ﬁbre-matrix interfaces, interfaces between unidirectional plies in laminates, joints between laminates and
with other materials, etc. Thus, one of the main concerns to design this kind of structures is the adequate characteri-
zation of the interfaces between adherents at micro, meso and macro-scale.
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Speciﬁcally, in this study, the debonds produced along the interface between ﬁbres and matrix in conﬁgurations of
two aligned ﬁbres under transverse loads are studied. The ﬁbre-matrix interface problem has been amply examined,
see Parı´s et al. (2007); Ta´vara et al. (2011) and references therein. The behaviour of the joints/interfaces is modelled
as a distribution of linear-elastic springs (LEBIM) which represents a thin adhesive layer in Ta´vara et al. (2010);
Manticˇ et al. (2015). Results in Ta´vara et al. (2011); Manticˇ et al. (2015); Ta´vara et al. (2016) showed that LEBIM can
adequately describe the interface crack onset and growth along ﬁbre-matrix interfaces. Nevertheless, if the interface
becomes stiffer, the predictions by LEBIM may not coincide with experimental evidences. For the aforementioned
reason, LEBIM is currently under study in order to ﬁnd a way to improve it.
Recently, Manticˇ (2009); Manticˇ and Garcı´a (2012) studied the debond onset and growth at the ﬁbre-matrix
interface in the case of an isolated ﬁbre embedded in matrix under remote transverse loading. Their failure criterion is
based on the FFM hypothesis and couples the (incremental) energy and stress criteria considering a perfect ﬁbre-matrix
interface, see Leguillon (2002); Cornetti et al. (2006) and Weissgraeber et al. (2016) for a review of the methodology.
Recently, Cornetti et al. (2012) applied the FFM approach to linear elastic interfaces with the purpose of improving
the characterization of an interface modelled by LEBIM.
The aim of the present paper is to study numerically a new criterion based on the FFM applied to LEBIM. The
new criterion is used to characterize the debond produced in a two-ﬁbre conﬁguration and to analyze the inﬂuence of
the presence of a second ﬁbre on its onset and growth. Four different loading cases are studied herein. It should be
mentioned that this criterion has already been successfully applied in Mun˜oz-Reja et al. (2014, 2016) to a single ﬁbre
conﬁguration under several transverse biaxial loading cases.
2. Finite Fracture Mechanics applied to Linear Elastic-Brittle Interface implemented in a BEM code
The present criterion is based on the interface strength and fracture toughness criteria, each of them representing
a necessary but not sufficient condition to produce crack onset and/or growth. According to LEBIM the interface can
be modelled as a continuum spring distribution with a linear elastic behaviour. Thus, interface tractions are (directly)
proportional to relative displacements and also to the spring stiffness. The normal and shear tractions (σ and τ) in
an undamaged spring located in a point x can be deﬁned using the corresponding normal and tangential relative
displacements (δn and δt) together with the normal and tangential stiffness (kn y kt). Then, σ(x) = knδn(x), and
τ(x) = ktδt(x).
The Energy Release Rate (ERR) can be deﬁned as the stored energy (per unit area) in a spring, not necessarily
located at the crack tip (see Manticˇ et al. (2015) for additional details), as:
G(x) = GI(x) +GII (x), where

GI(x) = �σ(x)�+�δn(x)�+2 =
�σ(x)�2+
2kn ,
GII (x) = τ(x)δt(x)2 =
τ2(x)
2kt .
(1)
It should be noted that only tension and shear stresses are taken into account in ERR calculation, according to the
previous deﬁnition. Thus, when compression stresses appear G = GII .
In order to represent the fracture mixity, the angle ψ deﬁned in Manticˇ et al. (2015) is used:
tanψ =
�
ξ−1 tanψσ, for − pi ≤ ψ, ψσ ≤ pi, with ξ =
kt
kn
and tanψσ =
τ
σ
. (2)
The following energy based criterion must be fulﬁlled in order to initiate and/or propagate an interface crack:
� ∆a
0
G(a) da ≥
� ∆a
0
Gc(ψ(a)) da, (3)
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where G(a) is the ERR at x = a, associated to an interface crack tip (Lenci (2001); Carpinteri et al. (2009)) or to a
point in an undamaged portion of the interface (Manticˇ et al. (2015)), as deﬁned in (1). σ(a) and τ(a) in the unbroken
spring located at x = a are used for this deﬁnition.Gc(ψ(a)) deﬁnes the fracture toughness (fracture energy) associated
to this spring. A function Gc(ψ) in a mixed mode of fracture can be expressed as
Gc(ψ) = G¯IcGˆc(ψ), (4)
where G¯Ic = σ
2
max
2kn is the fracture toughness for the pure mode I, and σmax is the maximum normal traction associated
to the energy based criterion. The dimensionless function Gˆc(ψ), deﬁning the variation of the fracture toughness with
fracture mode mixity, is similar to that proposed by Hutchinson and Suo (1992),
Gˆc(ψ) = 1 + tan2(1 − λ)ψ, with |ψ| < ψ¯a(λ), 0 ≤ λ ≤ 1, (5)
where
ψ¯a(λ) = min{ψa(λ), pi} and ψa(λ) =
pi
2(1 − λ)
. (6)
λ is the fracture mode-sensitivity parameter, with 0.2 ≤ λ ≤ 0.3 deﬁning an interfaces with moderately strong fracture
mode dependence. In the present work λ = 0.25 is used.
Besides the energy based criterion deﬁned in (3) a stress based criterion must be fullﬁlled to produce the initiation
and/or propagation of the interface crack. The stress based criterion must be fulﬁlled in a ﬁnite segment from x = 0 to
x = ∆a, (∆a > 0). This criterion, proposed originally in Leguillon (2002), can be expressed as:
min
0≤x≤∆a
t(x)
tc(ψ(x))
≥ 1, where t(x) =
√
σ2(x) + τ2(x) and tc(ψ(x)) =
√
σ2c(ψ(x)) + τ2c(ψ(x)). (7)
It should be noticed that the critical traction vector, as well as the previously deﬁned fracture toughness, depends on
the mode mixity at the analysed point x. The normal and shear critical tractions can be expressed in terms of the
critical normal traction for pure mode I (σ¯c) and a dimensionless function, similarly as was done for the fracture
toughness in (4). Then, following Ta´vara et al. (2011); Manticˇ et al. (2015),
σc(ψ(x)) = σ¯c
√
Gˆc(ψ(x)) ·
{
cosψ(x), |ψ| ≤ pi2 ,
−| cotψ(x)|, |ψ| ≥ pi2 ,
(8a)
τc(ψ(x)) = σ¯c
√
ξ
√
Gˆc(ψ(x)) ·
{
sinψ(x), |ψ| ≤ pi2 ,
signψ(x), |ψ| ≥ pi2 .
(8b)
A way to characterize the coupled FFM+LEBIM criterion applied in the present study is to use the dimensionless
characteristic parameter deﬁned in Cornetti et al. (2012), see also Mun˜oz-Reja et al. (2016). This parameter for pure
mode I is
µ =
2knG¯Ic
σ¯2c
=
σ2max
σ¯2c
, (9)
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where σmax and σ¯c, are the maximum and critical tensions associated to the energy and stress based criterion, respec-
tively. Thus, for µ = 1 the present model reverts to the original LEBIM.When µ value increases the interface becomes
stiffer, and for µ → ∞ a perfect (rigid) interface is obtained. As can be seen from the previous sections the fracture
toughness, strength and stiffness of the interface are independent in the present FFM + LEBIM approach. As stated
before, in the original LEBIM these variables are directly related by an equation.
3. Debond onset and propagation in conﬁgurations of two aligned ﬁbres
A plane strain problem considering two ﬁbres embedded in an “inﬁnite” matrix is considered. Fibre-matrix inter-
faces are initially undamaged. The ﬁbre-matrix system is studied under uniaxial and biaxial transverse remote loads.
The BEM model represents two ﬁbres with radius a embedded and centered in a square matrix of side 1 mm. In
order to analyze the ﬁbre interaction, the distance between the ﬁbres d is varied, see Figure 1. The mesh used includes
1440 linear elements for each interface face (matrix and ﬁbre sides) with boundary elements whose polar angle is
0.25◦.
x
yσ
θ
θc
o
y
r=a r=a
d
yσ
xσ xσ
Fig. 1. Two-ﬁbres conﬁguration under biaxial remote transverse loads.
The two ﬁbres and the matrix are modelled as isotropic linear elastic materials, whose characteristics are presented
in Table 1. LEBIM models the interface as a continuum spring distribution, with kn and kt, corresponding to µ = 1,
also given in Table 1. For larger values of µ, kn increases proportionally.
The applied remote loads, σ∞x and σ∞y are shown in Figure 1. The position where the crack onset occurs is denoted
by the polar angle θo, measured from a diameter parallel to the y-axis. The critical angle, θc, is the initial crack size
produced in the crack onset.
In addition to the results presented in Mun˜oz-Reja et al. (2016), in the following subsections the inﬂuence of a
second ﬁbre will be analyzed and also compared with the single ﬁbre case, for four different loading conditions.
The crack onset position given by θo and the critical load (load necessary to produce the debond onset) σ∞ will be
determined for several distances between ﬁbres and different interface stiffnesses (obtained by varying µ).
Ef(GPa) νf Em(GPa) νm GIc(Jm−2) σ¯c(MPa) kn(MPa/µm) kt/kn
Glass-Epoxy 70.8 0.22 2.79 0.33 2 90 2025 0.25
Table 1. Material and interface properties (kn for µ = 1).
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3.1. Loading Case 1: σ∞x = 0 and σ∞y = σ∞
This case represents a uniaxial loading condition with the far ﬁeld loads applied parallel to the y-axis. σ∞ is
deﬁned as the load necessary to produce the ﬁbre-matrix debond. The inﬂuence of the distance d on the crack onset
angle values θo and the critical applied remote stress σ∞ are depicted in Figures 2(a) y (b), respectively. Notice that
this distance d increases up to the limit of the single ﬁbre case, described in the plots as d/a = ∞.
(a) (b)
Fig. 2. (a) The crack onset angle θo and (b) the critical remote applied load σ∞/σc versus the distance between two ﬁbers for σ∞x = 0 and σ∞y = σ∞.
It can be seen in Figure 2(a) that the crack onset angle increases when the ﬁbres become closer and also when
the interface stiffness increases. The deviation of the onset position is produced in a similar manner for all the solved
cases (as shown in Figure 1). Results show that the crack onset is produced at the ﬁbre-matrix interface part distant
from the other ﬁbre (similarly as shown in Figure 1). Then, the debond (interface crack) grows towards the interface
part closer to the other ﬁbre.
The initial crack size deﬁned by the angle θc is the same for each µ value, independently of the ﬁbre distance d. The
obtained θc value are: 5.75o for µ = 2, 8.75o for µ = 3 and 11.00o for µ = 4. As it may be expected, the critical remote
load increases with increasing the interface stiffness. This critical load also increases with decreasing the distance
between ﬁbres. Thus, higher loads are required to produce a debond in the case of two neighbour ﬁbres than in the
single ﬁbre case. However, all these differences are quite small.
3.2. Loading Case 2: σ∞x = σ∞ and σ∞y = 0
This case represents a uniaxial loading condition with the remote loads applied parallel to the x-axis. As in the
previous case σ∞ is the critical load value.
In Figure 3, the inﬂuence of the distance between ﬁbres on the critical applied remote stress σ∞ is shown. It is
noticeable that for this case the crack onset position is always the same. In all the cases θo = 90◦, i.e. the crack onset
takes place at the interface point closest to the other ﬁbre. Thus, no inﬂuence of the ﬁbre proximity nor the interface
stiffness on θo is observed.
Regarding the critical crack size, θc is the same for each value of µ, being 5.75o for µ = 2, 8.75o for µ = 3 and
11.00o for µ = 4. Notice that these angles are equal to those obtained in the loading case 1.
The single ﬁbre case is again represented by d/a = ∞. It can also be observed that a higher critical load is necessary
when the ﬁbres move away from each other, this effect is very signiﬁcant. On the other hand the increase of the stiffness
seems to have only a very little inﬂuence.
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Fig. 3. The critical remote applied load σ∞/σc versus the distance between two ﬁbers for σ∞x = σ
∞ and σ∞y = 0.
3.3. Loading Case 3: σ∞x = −σ∞ and σ∞y = σ∞
A tension-compression biaxial state is considered herein because according to Ta´vara et al. (2016) it may be the
most dangerous biaxial situation. Remote load σ∞ is applied in both directions, as tensile stress parallel to the y-axis
and as compressive stress parallel to the x-axis.
(a) (b)
Fig. 4. (a) The crack onset angle θo and (b) the critical remote applied load σ∞/σc versus the distance between two ﬁbers for σ∞x = −σ
∞ and
σ∞y = σ
∞.
In Figure 4, the inﬂuence of d on θo and σ∞ is depicted. The tendencies shown are similar to the loading case 1.
Nevertheless, θo values are much higher for the present loading case. Notice that θo may be different from 0o even for
the single ﬁbre case. σ∞ values are considerably lower than for the loading case 1. Results conﬁrm that a transverse
compression acting as secondary load makes the crack onset easier. Finally, θc values are the same as for the previous
loading cases.
3.4. Caso 4, con σ∞x = σ∞ and σ∞y = −σ∞
A tension-compression biaxial state is considered herein. Remote load σ∞ is applied in both directions, as tensile
stress parallel to the x-axis and as compressive stress parallel to the y-axis.
The results for the present loading case are shown in Figure 5. The critical load evolution has a similar tendency as
in the loading case 2, but with lower values (due to the secondary compression effect). While the crack onset position
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Fig. 5. (a) The crack onset angle θo and (b) the critical remote applied load σ∞/σc versus the distance between two ﬁbers for σ∞x = σ
∞ and
σ∞y = −σ
∞.
for the single ﬁbre case changes, for the present two-ﬁbre cases it keeps on 90◦. This results show that the position of
the crack onset is more inﬂuenced by the presence of a second ﬁbre rather than by a change of the interface stiffness.
Once again the values obtained for θc are the same as in the previous loading cases.
4. Conclusions
A FFM+LEBIM based methodology has been applied to model two aligned ﬁbres within a large matrix under four
different loading cases varying the distance between the ﬁbres. The aim was to study the effect of a second ﬁbre on
the position where the debond (interface crack) initiates, θo, the initial debond size, θc, and the critical load (the load
necessary to produce the debond), σ∞x .
Loading cases includes two uniaxial tensile loading cases and two biaxial tensile-compressive loading cases. The
obtained results show that θc is only inﬂuenced by the interface stiffness used, being larger for larger values of the
dimensionless parameter µ (9).
Regarding the position where the debond initiates, it seems that θo values increase when the distance between
ﬁbres decreases for loading cases where the maximum principal remote stress is perpendicular to the line joining ﬁbre
centres (tension applied parallel to the y-axis in the present conﬁguration). Nevertheless when the maximum principal
remote stress is parallel to the line joining ﬁbre centres (tension applied parallel to the x-axis) this position does not
change, it being always placed in the closest point between ﬁbres.
The critical remote load increases for smaller distances between the ﬁbres and for higher values of µ when the
maximum principal remote stress is perpendicular to the line joining ﬁbre centres. However, this critical remote load
decreases for smaller distances between the ﬁbres when the maximum principal remote stress is parallel to the line
joining ﬁbre centres. Thus, there is some shielding effect between ﬁbres, retarding the debond onset, in the former
conﬁgurations, while in the latter conﬁgurations, the second ﬁbre makes easier the debond onset.
In general, the presence of a second ﬁbre may have a great inﬂuence on the debond onset and growth, specially
regarding the critical remote load in the cases of the maximum principal remote stress parallel to the line joining ﬁbre
centres.
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